As a generalization of orthogonal frequency-division multiplexing (OFDM) systems, multi-input multi-output (MIMO) OFDM systems are very sensitive to carrier frequency offset (CFO). This paper proposes a blind CFO estimation method based on power spectrum analysis, which has high bandwidth efficiency and is much less complex. This method can be used to estimate the residual CFO, which is less than half of the subcarrier spacing. The method uses a cosine cost function to get a closed-form CFO estimate.
Introduction
Multi-input multi-output (MIMO) orthogonal frequency-division multiplexing (OFDM) systems have emerged as a strong candidate for future fourth generation (4G) communications due to their high capacity, spectral efficiency, and robustness against fading [1] . Similar to single-input single-output (SISO) OFDM systems, the carrier frequency offset (CFO) estimation is a critical problem in MIMO OFDM systems. The CFO is caused by the Doppler shift and/or the mismatch between transmitter and receiver oscillators. The CFO results in intercarrier interference (ICI), which significantly degrades system performance [2] . The methods proposed to estimate the CFO in SISO OFDM systems can be categorized as data-aided methods [3] [4] [5] and blind ones [6] [7] [8] . However, few methods can be directly applied to the much more complicated MIMO OFDM systems. Some data-aided schemes [9] [10] [11] have been proposed for MIMO OFDM systems. Jiang et al. [11] suggested placing frequency domain training sequences in the signal to estimate the CFO. Generally speaking, blind methods are more attractive due to their higher bandwidth efficiency. The cyclic prefix (CP) method [8] estimates the CFO by analyzing the cyclic property of the received signal. Null subcarriers [12] have been placed at specified locations in the signal to estimate the CFO. Furthermore, Yao and Giannakis [13] proposed the Kurtosis method by optimizing a Kurtosis-type cost function, which gives good performance in MIMO OFDM systems. This paper presents a blind CFO estimation method for a frequency-selective fading channel. The cost function is proposed based on an analysis of the amplitude of the signals in adjacent subchannels. The cost function is shown to have a cosine shape. Then, the closed-form estimate of the CFO is given to provide a low-complexity method.
System Model
Consider a MIMO OFDM system with P transmit The input data is distributed onto each transmit antenna by space multiplexing. The signal at each transmit antenna is independent of the other signals. The transmitted data on the p-th transmit antenna at time i is denoted by 
Fig. 1 MIMO OFDM system model
In practice, the differences among the CFOs for all the transmit-receive antenna pairs are usually negligible [13] , so this analysis considers only a single common CFO. After discarding the CP, the received OFDM signal of the q-th receive antenna can be expressed as
where ε is the normalized CFO, Using an estimated μ to compensate for the CFO, the received signal in the frequency domain is
where
, and ε ε μ = − is the CFO estimation error. Equation (2) shows that the CFO destroys the orthogonality of the subcarriers and introduces ICI. However, if the CFO is estimated correctly, i.e., 0 ε = , Eq. (2) can be simplified as
where the ICI is completely eliminated. This analysis provides an effective CFO estimation method to suppress the ICI.
Estimation Method

Power spectrum analysis (PSA) theory
In practical OFDM systems, the channel order, L , is much less than the OFDM block size, N , thus, the signals in adjacent subchannels are related as
Therefore, the signals on adjacent subchannels are similar in amplitude. Equation (3) shows that when the CFO is totally compensated, the mean square of the received signal, ( ) k q x i , can be given by
Equations (4) and (5) can be combined to show that the mean square values of adjacent subcarrier signals are more approximate when ε equals zero than for 0 ε ≠ . An objective function can be defined as follows using the differences between adjacent subcarrier signals as a measure:
where M is the number of OFDM blocks employed to estimate the CFO. Equation (6) indicates that a smoother received signal power spectrum can be obtained when the CFO is more accurately estimated. Therefore, the CFO estimate of the current method, called power spectrum analysis (PSA), is given by Figure 2 shows how PSA J varies with the CFO estimate candidate μ averaged over 5000 Monte Carlo trials. PSA J is minimized when the CFO is accurately estimated, which confirms the validity of the power spectrum analysis concept. 
Closed-form CFO estimation
The properties of the cost function of the PSA method were investigated to find a simple, closed-form CFO estimation method. Let 1 M = without loss of generality. The cost function can be written as (dropping the time index i for brevity): α , and k β are all independent of μ . Thus,
Then Eq. (12) can be written as
where 1 T , 2 T , and 3
T are independent of μ . The last equation in Eq. (14) results because the sum of various cosine functions with the same period is also a cosine function. Using Eqs. (9) and (11), the second term of Eq. (8) 
From Eq. (10),
Utilizing this equation and Eq. (13) 
where 4 T , 5 T , and 6 T are independent of μ . The The mean square errors (MSEs) of the current method are compared with the results for the CP [8] method and the Kurtosis [13] method in Fig. 3 for various antennas. With a single transmit antenna, the current method has significantly better estimates than the CP and Kurtosis methods. With multiple transmit antennas, the performance of the current method is almost the same as that of the Kurtosis method. With multiple transmit antennas, the received signal is the sum of the signals from all the transmit antennas, so the power spectrum of the received signal is much more complicated than with a single antenna. Hence, the property of the smooth power spectrum of the received signal is less obvious than for a single antenna. As shown in Fig. 3 , the current PSA method is much better in SISO OFDM systems than in MIMO OFDM systems. 
Conclusions
This paper presents a simple CFO estimation method based on an analysis of the power spectrum of the received signal for MIMO OFDM systems using a closed-form estimate of the CFO. This power spectrum analysis method significantly outperforms the CP and Kurtosis methods with just a single transmit antenna. The performances of the power spectrum analysis and Kurtosis methods are nearly the same with multiple transmit antennas.
